Introduction
Leber congenital amaurosis (LCA, MIM# 204000) and retinitis pigmentosa (RP, MIM# 268000) are two types of inherited retinal degenerative diseases. LCA is featured by congenital or infantile-onset vision loss, nystagmus and absent electroretinogram (ERG) signals. RP is a more common and variable form of retinal degeneration (RD) and its onset ranges from childhood to mid-adulthood (Hartong et al. 2006) . Both LCA and RP are highly genetically heterogeneous. To date, at least 21 LCA-causing and 64 RP-causing genes have been identified (RetNet, the Retinal Information Network) (SP Daiger) . Mutations in these genes account for about 70 % of LCA and 60 % of RP cases, respectively, suggesting that the molecular basis of a significant number of cases is yet to be discovered (Wang et al. 2013 (Wang et al. , 2014 .
Retinal degenerative disorders can be syndromic, in which case patients develop symptoms in other systems in addition to their ocular abnormalities. This phenomenon 1 3 is frequently seen in ciliopathies with retinal involvement since photoreceptors develop highly specialized cilia structure and ciliated cells are widespread in the human body . Mutations in ciliary genes were identified in a number of syndromes with RD including Senior-Løken syndrome (SLSN, MIM# 266900) (Otto et al. 2005) , Joubert syndrome (JBTS, MIM# 213300) (Dixon-Salazar et al. 2004 ), Bardet-Biedl syndrome (BBS, MIM#209900) (Mykytyn et al. 2001) .
It has also been reported that mutations in syndromic ciliopathy genes can lead to non-syndromic LCA or RP. For example, IQCB1 mutations were originally identified to cause SLSN (Otto et al. 2005 ), but certain IQCB1 mutant alleles were found to cause LCA without renal symptoms (Estrada-Cuzcano et al. 2011) . Similarly, while mutations in CEP290, a cilia basal body gene, can cause a series of syndromic ciliopathies including JBTS and BBS (Baala et al. 2007; Sayer et al. 2006; Valente et al. 2006) , it is also a major contributor to non-syndromic LCA cases (den Hollander et al. 2006) . Given the fact that cilia are responsible for numerous biological processes in multiple tissues, the diverse genotype-phenotype correlations observed by these studies can be explained by a combination of multi-functional nature of these ciliary genes and differential damaging effect of their mutant alleles.
Intraflagellar transport (IFT) is a biological process by which various proteins are transported along the microtubule-based cilia (Rosenbaum and Witman 2002) . Specifically, the IFT-A complex is responsible for the return of proteins from the ciliary tip (Absalon et al. 2008 ). Defects in IFT-A particles have already been associated with a spectrum of human ciliopathies. Mutations in one IFT-A complex component, WDR19, were reported to cause cranioectodermal dysplasia (CED, MIM# 614378) (Bredrup et al. 2011) , nephronophthisis (NPHP, MIM# 614377) (Halbritter et al. 2013b ) as well as non-syndromic retinitis pigmentosa (Coussa et al. 2013) . Similarly, mutations in IFT140, another IFT-A complex gene, were known to cause two types of rare recessive ciliopathies: Mainzer-Saldino syndrome (MZSDS, MIM# 266920) and Jeune asphyxiating thoracic dystrophy (JATD, MIM# 208500) Perrault et al. 2012; Schmidts et al. 2013) . MZSDS is featured by cone-shaped epiphysis, chronic renal disease, abnormality of the proximal femur and RD (Beals and Weleber 2007; Giedion 1979) . JATD patients show constricted thoracic cage, short-limbed short stature, polydactyly and often develop multi-organ disorders including retinal abnormalities (Bard et al. 1978; de Vries et al. 2010; Oberklaid et al. 1977) . Since both WDR19 and IFT140 are linked to ciliopathies with retinal involvement, it is intriguing for us to know, whether IFT140 defects, like WDR19 mutations, can also cause non-syndromic RD.
In this study, through whole exome sequencing (WES), mutations in IFT140 have been identified in seven patients diagnosed with non-syndromic LCA or RP. These patients come from diverse ethnicities and account for about 1 % of non-syndromic RD cases. Our results highlight a novel genotype-phenotype correlation of a ciliary gene, which can improve the molecular diagnosis of retinal degenerative diseases and our understanding of intraflagellar transport in the retina.
Methods and materials
Clinical diagnosis of patients and DNA sample collection-Dr. Ruifang Sui This study was approved by the Institutional Review Board of Peking Union Medical College Hospital (PUMCH) and adhered to the Declaration of Helsinki. Informed consent was obtained from all individual participants included in the study. All the probands were diagnosed at the Department of Ophthalmology, PUMCH (Beijing, China) by ophthalmic examinations including best corrected visual acuity (BCVA) testing, fundus examination, optical coherence topography (OCT, 3D OCT-2000 Spectral Domain; Topcon, Tokyo, Japan), visual field tests (Octopus, Interzeag, Schlieren, Switzerland), autofluorescence (AF, Spectralis HRA+OCT; Heidelberg, Germany) and electroretinogram (ERG, RetiPort ERG system, Roland Consult, Wiesbaden, Germany). LCA and RP were diagnosed according to medical and family history, typical fundus and OCT features, visual field defects and attenuated or abolished ERG responses. Blood samples were obtained from all patients and their family members if available. DNA was extracted using QIAamp DNA Blood Midi Kit as instructed by the manufacturer (QIAGEN, Hilden, Germany).
Clinical diagnosis of patients and DNA sample collection-eyeGENE
For eyeGENE patients, we obtained informed consent from tested individuals or from parents or guardians for individuals under age 18. The eyeGENE is a genomic medicine initiative started by the National Eye Institute (NEI) in 2006. It aims to promote studies of inherited eye diseases and their genetic causes (Blain et al. 2013) . The patients from eyeGENE were diagnosed in the United States and referred by eyeGENE-approved certified eye specialists. Clinical information and family history were provided by referring clinicians to the eyeGENE database, and further reviewed by the eyeGENE Working Group to confirm the patients' diagnosis. For each patient enrolled in eyeGENE, a blood sample was collected and shipped to the eyeGENE coordinating center CLIA (Clinical Laboratory Improvement Amendments) laboratory on the NIH campus in Bethesda, MD. Genomic DNA was extracted from whole blood either manually or automatically using the Gentra Puregene (Qiagen). DNA concentration was measured by a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE) . A fraction of de-identified DNA was sent to Baylor College of Medicine for diagnostic research testing.
DNA library preparation and next generation sequencing (NGS)
Approximate 1 μg of genomic DNA sample was sheared into fragments of 200-500 bp in length. The sheared fragments were blunt-end repaired and a single adenine base was added to the 3′ ends using Klenow exonuclease. Illumina adapters were ligated to the repaired ends and DNA fragments were PCR amplified for eight cycles after ligation. In each capture reaction, 50 pre-capture DNA libraries were pooled together. The targeted DNA was captured by customized retinal disease gene panel for retinal capture sequencing to screen for variants in known disease-causing genes. The detailed information of the retinal capture panel was described previously (Wang et al. 2014) . If no plausible causative variants were identified, the DNA was then captured by NimbleGenSeqCap EZ Hybridization and Wash kit (NimblegenSeqCap EZ Human Exome Library v.2.0) following the manufacturer's protocols for WES. Captured libraries were sequenced on Illumina HiSeq 2000 (Illumina, San Diego, CA) as 100 bp paired-end reads according to the manufacturer's protocol.
Bioinformatics analysis
Paired-end sequencing reads were obtained for each sample. Reads were mapped to human reference genome hg19 using Burrows-Wheeler Aligner (Li and Durbin 2009 ). Base quality recalibration, local realignment and variant calling were performed as previously described (Wang et al. 2014) . We obtained the variant frequencies from a series of public and internal control databases (Wang et al. 2014) as well as the Exome Aggregation Consortium (ExAC) database. Since LCA and RP are rare Mendelian disorders, variants with a frequency higher than 1/200 (for a recessive model) or 1/1000 (for a dominant model) were filtered out. After frequency-based filtering, we filtered out synonymous variants, identified known retinal diseasecausing variants and predicted the pathogenicity of variants using SIFT (Ng and Henikoff 2003) , Polyphen2 (Adzhubei et al. 2010) , LRT (Chun and Fay 2009) , MutationTaster (Schwarz et al. 2010) , MutationAssessor (Reva et al. 2011) as previously described (Wang et al. 2014; Xu et al. 2015) .
Sanger sequencing
For each suspected causative mutation, a 500-bp flanking sequence at both sides was obtained from the UCSC genome browser (hg19 assembly). RepeatMasker (Smit et al. 1996 (Smit et al. -2010 was used to mask the repetitive sequences in human genome. Primer 3 (Untergasser et al. 2012 ) was used to design a pair of primers for generating a 400-600-bp PCR product to sequence the mutation site and at least 50-bp region surrounding it. After PCR amplification, the amplicons were sequenced on ABI 3730xl. Family members of patients were also Sanger sequenced when available for confirming allele segregation.
Results
In this study, we totally investigated seven unrelated nonsyndromic RD patients, including five RP and two LCA cases. Among them, five of them are Han Chinese and the remaining two are of European ethnicity diagnosed in United States. The index case we investigated, SRF71, is a 43-year-old male RP patient of Han Chinese ethnicity. He was aware of night blindness during childhood and vision loss at the age of 36 (Table 1) . His fundus images showed widespread retinal bone spicule pigmentation, and gold foil macular reflex. OCT images showed loss of inner segment (IS)/outer segment (OS) of photoreceptor cells (Fig. 1) . His parents are normal and he has an unaffected sister. Preliminary screening by retinal capture sequencing found no causative mutations in known RP-causing genes. WES data show that he has biallelic variants in IFT140, including a missense (c.T4196C, p. L1399P) and a frameshift (c. 1898_1901delATAA, p. N633Sfs*10) variant. Neither variant was found more than once in ExAC controls (Table 1) . The missense variant disrupts a highly conserved amino acid (AA) in TPR9 domain and is considered to be damaging by 5 out of 6 prediction algorithms ( Fig. 3 ; Table S2 ). The frameshift variant does not lie in the last exon thus it probably leads to a nonsense-mediated decay of the IFT140 transcript. Sanger sequencing confirmed his unaffected sister is wild type at these two alleles and his parents possess one IFT140 variant each, supporting the pathogenicity of the IFT140 variants (Fig. 2) . Given that IFT140 is associated with syndromic ciliopathies, we performed radiography of skeletons and laboratory tests for hepatic and renal functions. Interestingly, the patient does not show any other symptoms or abnormalities after detailed examination (Figure S4 , Table S3 ). Therefore, these results raise the possibility that mutations in IFT140 might lead to non-syndromic retinal disease.
To further test the prevalence of mutations in IFT140 in non-syndromic retinopathy, we screened IFT140 variants in 1 3 a collection of 215 LCA and 243 RP patients who were negative for mutations in known retinal disease genes and had undergone WES. Strikingly, a total of additional six cases with IFT140 biallelic variants, including 4 RP patients and 2 LCA patients, have been identified (Table 1 ). Among the 4 RP patients, SRF964 and SRF1186 are also Han Chinese. SRF964 is a 28-year-old female RP patient who noticed vision loss at the age of 23. Her fundus images showed bone spicule and obvious salt-pepper changes in the retina with attenuated retinal vessels. OCT results featured disrupted IS/OS structure ( Figure S1 ). WES identified that she possesses two IFT140 missense variants and Sanger sequencing confirmed they are in trans (Fig. 2) . Both missense variants are absent in the ExAC database, indicating they are extremely rare (Table 1 ). The paternal variant (c.C1989G, p.C663W) affects a conserved AA site and is predicted to be damaging by all algorithms ( Fig. 3 ; Table  S2 ). It is also next to a disease-causing variant (c.1990G >A, p.E664K) previously reported in MZSDS patients (Perrault et al. 2012) . The maternal variant (c.G3826A, p.G1276R) is predicted to be damaging by 5 out of 6 algorithms and the AA conservation is across vertebrates to zebrafish ( Fig. 3; Table S2 ). SRF1186 is a 25-year-old male RP patient aware of recent vision loss. His fundus images featured RPE atrophy, gray pigments in the mid-peripheral retina and retinal fluorescent changes ( Figure S2 ). WES data revealed he has two IFT140 variants (c.C212T, p.P71L and c.650_651delTG, p.V217Gfs*2). Sanger validation confirmed their segregation from both parents (Fig. 2) . The P71L variant is found only once in over 60,000 controls in the ExAC database and the frameshift variant is absent (Table 1 ). The P71L variant affects a conserved residue in WD2 domain and is considered damaging by all algorithms ( Fig. 3 ; Table S2 ). Both patients were revisited and no skeletal or renal disorders have been observed (Table 1, Table  S3 ). The identification of these two cases further supports our argument that IFT140 mutations can cause non-syndromic RP.
In addition, two sporadic non-syndromic RP patients of Caucasian ethnicity from eyeGENE were identified to possess IFT140 biallelic variants. Patient EG3 is a 59-yearold male. He was aware of night blindness at the age of 7 and vision loss at 21. His retina shows intraretinal pigment spicules, vascular attenuation and degeneration. He was diagnosed with RP and does not report other syndromic phenotypes. The patient carries one missense (c.C2611T, p.R871C) and one stop-gain variant (c.G1377A, p.W459*) in IFT140. Both variants have a frequency lower than 1/10,000 in control individuals (Table 1) . The R871C variant affects a conserved AA site and is considered damaging by all algorithms ( Fig. 3 ; Table S2 ). The other patient, EG41, is a 55-year-old female diagnosed with (Table 1) . They both disrupt conserved residues and are predicted to be damaging ( Fig. 3 ; Table S2 ). Unfortunately, we were unable to obtain the DNA samples of their family members to confirm these variants are in trans. Nevertheless, given the rareness and highly pathogenic nature of these variants, the concurrence of these IFT140 variants in non-syndromic RP patients significantly supports our results shown above. In addition to five non-syndromic RP patients mentioned above, we also identified two non-syndromic Han Chinese LCA patients with IFT140 variants. SRF117 is a 9-year-old male patient with infantile-onset retinal problems and diagnosed with LCA. His fundus images featured RPE atrophy and a hyperfluorescence ring in the macular area and OCT results showed disruption of IS/ OS and increased foveal retina thickness ( Figure S3 ). The patient does not have other syndromic abnormalities (Table 1, Table S3 ). WES data show that he has biallelic missense variants in IFT140 gene (c.C1451T, p.T484M and T985C, p.C329R) and Sanger sequencing confirmed that the two variants are from one parent each (Fig. 2) . Both variants have a frequency lower than 1/20,000 in ExAC controls and are considered to be damaging by nearly all algorithms (Tables 1 and S2 ). The other patient, SRF92, is an 11-year-old male diagnosed with LCA/ early onset severe retinal dystrophy. His fundus image showed extensive retinal pigment crumbs including macula region and OCT results indicated IS/OS loss and retinal atrophy (Fig. 1) . According to Sanger sequencing, this patient inherited a frameshift variant (c.1655_1656delAG, p.E522Gfs*6) from his father and a missense variant (c.G2368A, p.E790K) from his mother (Fig. 2) . Both variants are extremely rare in control individuals (less than 1 in 60,000). Similar to previously described variants, the E790 K variant affects a conserved AA site and predicted to be damaging by five out of six algorithms. This patient also does not show typical MZSDS or JATD-like syndromic phenotypes but has hypogonadism and mild fatty liver disease (Table 1, Table S3 ). The discussion of this phenotype will be in the next section. 
Discussion
Here, we identified a total of seven (five RP and two LCA) unrelated patients with IFT140 causative variants. The identified variants are consistently rare and damaging, strongly supporting their pathogenicity. None of the patients show typical MZSDS or JATD-like abnormalities other than ocular phenotypes, indicating they are non-syndromic RD cases. This is the first report showing IFT140 mutations can cause non-syndromic retinal degenerative disease.
Primary cilia are microtubule-based organelles widely distributed in the human body (Badano et al. 2006) . The cilia structure in the photoreceptor, named connecting cilium, is the only path linking the IS and OS of photoreceptor cells (Young 1976) . The connecting cilium is responsible for protein transport and turnover between the IS and OS, relying on IFT (Rosenbaum and Witman 2002) . Disruption of IFT components in vertebrate photoreceptors causes abnormal protein localization and subsequent photoreceptor degeneration (Keady et al. 2011; Krock and Perkins 2008; Marszalek et al. 2000) . These data demonstrate that the IFT process is critical for proper photoreceptor function and explain the vulnerability of photoreceptor cells to disruption of ciliary genes. Consistent with this notion, in a recent study, acute deletion of ift140 in cone photoreceptors of adult mice causes abnormal accumulation of opsins in the nuclear layer and the IS (Crouse et al. 2014) , suggesting disrupted protein transport as a potential mechanism of retinal degeneration caused by IFT140 deficiency. In addition to its function in adult photoreceptor maintenance, IFT140 is also likely involved in early photoreceptor development based on its critical role during ciliogenesis (Miller et al. 2013 ). This could explain the congenital retinal problems shown in IFT140-related syndromes (Perrault et al. 2012) .
Mutations in IFT140 were previously identified to cause two forms of ciliopathies: MZSDS and JATD, featuring systemic disorders including skeletal abnormalities, renal disease, and often retinal degeneration (Perrault et al. 2012; Schmidts et al. 2013 ). In our study, none of the LCA and RP patients have skeletal or renal phenotypes as manifested in MZSDS and JATD, thus significantly expanding the phenotype spectrum of IFT140-related disorders. Several studies have also reported the wide phenotype spectrum caused by mutations in ciliary genes (Bujakowska et al. 2014; Coene et al. 2009; den Hollander et al. 2006; Riazuddin et al. 2010 ) and multiple underlying mechanisms have been proposed, including different variant positions (Coene et al. 2009 ), retina-specific splicing (Riazuddin et al. 2010) and hypomorphic alleles (Bujakowska et al. 2014; den Hollander et al. 2006) . When looking at IFT140 missense variants identified in patients, the variants identified previously in MZSDS and JATD (Perrault et al. 2012; Schmidts et al. 2013) seem to be enriched in the N-terminus, with a number of them in WD repeat domains (Fig. 3) . Interestingly, our study first identified several missense variants in C-terminal TPR repeats, raising the possibility that mutation position may play a role in determining the patient phenotype (Fig. 3) . Since both WD Min 2011) and TPR (D'Andrea and Regan 2003) repeats are important for protein-protein interactions, future studies on their specific roles for IFT140 function are warranted for revealing the mechanism of the wide phenotype spectrum we have observed. In addition, we did not observe a clear difference between IFT140 variants in RP cases and those in LCA cases, probably due to a limited number of patients. The severity of pathogenic allele combinations may explain the various retinal phenotypes we observed in the patients. We also cannot exclude the possibility that additional alleles in other genes may contribute to the variable expressivity of RD. Mutations in other IFT-A complex components including WDR19, IFT122, WDR35, IFT43 and TTC21B, can also lead to a spectrum of ciliopathies Bredrup et al. 2011; Coussa et al. 2013; Davis et al. 2011; Mill et al. 2011; Walczak-Sztulpa et al. 2010 it seems that IFT140 is more extensively involved in retinal pathology compared with other components. During our mutation screening in non-syndromic LCA and RP cohorts, we in total identified about 10 patients with probably causative IFT140 variants and much fewer cases with WDR19 variants (data not shown). There were no candidate variants identified in other IFT-A components. Interestingly, mutations in IFT172, which encodes an IFT-B complex component, can lead to JATD with retinal involvement (Halbritter et al. 2013a) . A recent report identified multiple non-syndromic RP cases caused by IFT172 mutations (Bujakowska et al. 2014) . The results in our study show a striking similarity between IFT140 and IFT172 in terms of human phenotype spectrum, suggesting a functional linkage. More intriguingly, IFT172 has been shown to be the only IFT-B component which can interact with IFT140 (Follit et al. 2009 ). Given the fact that the IFT-A complex is responsible for the return of IFT-B components from the ciliary tip (Absalon et al. 2008) , future studies focusing on IFT140-IFT172 interaction will help us understand its role in the IFT-A and B complex crosstalk and further, the ciliary protein dynamics for proper cilia function. Another finding, which should be noted, is that one of our identified patients, SRF92, has hypogonadism and mild fatty liver, which phenotypically overlap with BBS. Strikingly, in the recent IFT172 study (Bujakowska et al. 2014) , researchers also identified a BBS-like phenotype caused by IFT172 mutations. The sporadic findings of these noncanonical phenotypes in both studies might be explained by the specific damaging effect of certain mutant alleles. It might also further corroborate the notion that mutation load in other ciliary genes can be modifiers of ciliopathy phenotype spectrum (Badano et al. 2003; Katsanis 2004) .
In summary, our findings provide new evidence that non-syndromic LCA and RP can be caused by mutations in syndromic ciliopathy-causing genes. This finding will lead us to dissect more detailed functions of IFT complex components as well as other ciliary proteins in the photoreceptors. In addition, based on our results, we estimate that IFT140 mutations possibly account for 1 % non-syndromic LCA and RP cases, which should not be ignored based on the highly heterogeneous genetic architecture of RD. Since there are still ~30 and ~40 % of unsolved LCA and RP cases, respectively, further screening of variants in ciliary genes can help to discover the mysterious molecular etiology of remaining unsolved cases.
